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1. INTRODUCTION
The human visual system is capable of maintaining sensitivity in an environment where

the ambient light level can varies over eight orders of magnitude - from a dark, moonless
night to a bright sunny day. The processes whereby this is achieved are called light and dark
adaptation, and these processes occur both in the retina itself, and at higher levels in the
visual cortex.

Temporal processes for light and dark adaptation have been extensively studied using
psychophysical and physiological techniques (see Hood and Finkelstein1 for a review) and

2-4
models of adaptation dynamics have been developed.. Psychophysical studies of the
temporal dynamics of light adaptation have used a probe-sinewave paradigm, where the
threshold for detecting a brief pulse (the probe) is measured at various phases on a
background that is modulated sinusoidally in time.5 Our interest is in the effect of pulsed
high-intensity periodic backgrounds, and the effect these have on thresholds in between the
periodic pulses. To study this we have modified the probe-sinewave paradigm and made
measurements of thresholds for detecting probe stimuli presented between the flashes
generated by a brief train of light pulses*. Moreover, where previous studies have collected
data at up tol 03 td, we have utilized state-of-the art high-intensity white light emitting diodes
to enable measurements at adapting intensities up to five orders of magnitude higher than this
(108 td).

We have followed the convention of Bartley6, who defined the physical stimulus as a pulse, and the visual experience aflash.

1
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2. METHODS

2.1 Apparatus
The experiments were performed on a purpose-built, dual channel Maxwellian view light

stimulator system 7  The stimulator utilizes state-of-the-art high-brightness white light
emitting diodes (LEDs)8 as light sources and incorporates two channels of visual stimulation:
one channel is used to provide an adapting pulse field and a steady background field, while
the other channel is the superimposed probe stimulus field. Both channels are presented in
Maxwellian view along the same optical axis, and have variable field sizes from around 0.5
to 100. The stimulator includes a photo-feedback control to monitor diode performance and
linearity.

A diagram of the optical layout is provided in Figure 1. The light output from the two
Luxeon white LEDs (LXHL-LW5C) is collimated, spatially filtered using apertures, and
combined in a cube combiner. The image of the combined apertures is viewed by the subject
through the wide field ocular. Changing the size of the aperture thus changes the angular
subtense of each channel. The cube combiner transmits 50% of LED channel 1, and reflects
50% of LED channel 2 to the ocular. Conversely, the cube combiner reflects 50% of LED
Channel 1, and transmits 50% of LED Channel 2 to the photodiode for monitoring and
calibration purposes.

ADAPTING PULSE
AND BACKGROUND

FELD
WHITE LED Can1

S Channel 2

PROBE
FIELD

FIELD 0.5 - 12mm
ARRANGEMENT . APERTURE

SI!•-ND FILTER
CUBE 1|Channel 1

COMBINER. ,.

- J_ / WHITE LED

WIDE FIELD 60mm FL 0 -Im
OCULAR ACHROMATIC I APERTURE

LENSES I
MONITOR

PHOTODIODE

Figure 1. Optical layout of the stimulator system

The intensity of the LEDs was controlled using a pulse density modulation technique.9

The frequency of fixed current 2 gs pulses* from the LEDs was varied from between 100 Hz
and 40 kHz by a voltage-to-frequency converter driven through a 16 bit digital-to-analog
converter card (National Instruments) in a Dell PC. The system was calibrated by measuring

Note that intensity of the adapting pulse and the probe stimulus were controlled by adjusting the frequency of these 2 jis pulses

2
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the light output from each channel as a function of the digital value from the PC, and this was
used in a look-up table to compensate for any non-linearities in the system. Coarse
adjustment of the dynamic range of the channels was provided by the insertion of calibrated
neutral density filters in the optical train. The retinal illumination was measured using the
technique described by Nygaard and Frumkes. 10

The field homogeneity was measured with a laser beam profiler (Spiricon) and was
uniform to within 5%. The spectral emission characteristics of the LEDs were measured
with a spectroradiometer (Ocean Optics) throughout the pulse density range and the variation
was less than 1%. The LEDs had emission peaks at 450 nm and 550 nm, and a color
temperature of 5500 K.

2.2 Observers
Two male observers 45 and 23 years of age participated in this study. They had no

known color defects, no paracentral scotomas, and normal dilated fundus examinations.
Their uncorrected Snellen acuities were 20/20. Both were experienced psychophysical
observers, and they participated in a number of practice sessions before the start of formal
data collection. The voluntary informed consent of the observers was obtained as required
by Air Force Instruction 40-402."

2.3 Stimuli
The top-left graphic in Figure 1 shows the field arrangement used in these experiments.

The background and adapting pulse field was generated by the same LED channel and
subtended 100 of visual angle, while the central (probe) field subtended 2 * of visual angle.
Thin wires protruding just into the edge of the aperture were used to help maintain fixation
and accommodation.

The probe was always an increment in intensity with respect to the background field.
The precise sequence of pulse and probe events depended on the type of experiment (see
later), but typically consisted of exposure to a brief luminance increment pulse or train of
pulses from the background field. The threshold was then determined for a stimulus
presented as a brief luminance increment for the probe field at a fixed delay after each
adapting pulse (Figure 2).

2.4 Psychophysical procedure

For each trial the background field luminance was initially set to a fixed level and the
observer aligned themselves with the optical apparatus. They were then allowed two minutes
to adapt to the background intensity that was presented prior to, in between, and after, the
adapting pulses. A pulse-probe sequence was presented, and at the end of the sequence, a
brief tone sounded. The observer was then required to respond by pressing a response button
if they detected the probe stimulus, which was always present. Test sequences consisted of
either a train of pulse-probe stimuli or a single pulse-probe pair. Threshold for the detection
of the probe stimulus were determined by a QUEST procedure 12 , and a maximum likelihood
threshold estimate was determined after 20 test sequences. The delay between test sequences
was 1 s, during which the background intensity remained on.

3
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Figure 2. Schematic diagram of typical temporal luminance profiles of adapting pulse and probe
stimuli.

2.5 Experiment I: Multiple Pulse-Probe
The first experiment used short, 3 s duration trains of adapting pulses at either 3 Hz or

10 Hz. The duration of the adapting pulses was either 1 ms or 10 ms. The average energy in
the adapting pulses was held constant at 8.52 x l05 td-s by adjusting the pulse intensity for
each train (Table 1).

Table 1. Adapting pulse parameters for Experiment I.

Frequency (Hz) Duration (ms) Intensity Energy
(td) (td-s)

3 1 2.84 x 10' 2.84 x 10'

3 10 2.84 x 10' 2.84 x 10'

10 1 8.52 x 10' 8.52 x 104

10 10 8.52 x 106 8.52 x I0W

During each 3-s pulse-probe sequence, probe stimuli (10 ms duration) were presented at a
fixed delay with regard to the adapting pulses (Figure 3, solid arrow), and the observer
responded as to whether they detected the probe stimulus at the end of the sequence. The
threshold intensity for detection of the probe stimulus (Figure 3, dashed arrow) was
determined for a given delay, and thresholds were determined in this way for a range of
different delays.

4
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A,,

Figure 3. Experiment I: Multiple Pulse-Probe Sequence. The independent variable was the probe
delay (solid arrow), the dependent variable was the probe intensity (dotted arrow).

Thresholds for detection of the probe stimulus trains alone (i.e. with no adapting pulses),
were also measured at 3 Hz and 10 Hz against a background intensity equal to the time
averaged intensity of the adapting pulses (8.52 x 105 td) and the background level presented
between the adapting pulses (6.0 x 104 td).

2.6 Experiment II: Single Pulse-Probe
The second experiment measured detection thresholds following exposure to single

pulses of the same intensity as those used in the 3 Hz and 10 Hz, 10 ms pulse trains used in
Experiment I (i.e. 2.84 xl07 td and 8.52 x 106 td). After the pulse, a single probe stimulus
(10 ms duration) was presented at a fixed delay with regard to the adapting pulse (Figure 4,
solid arrow). The observer was allowed 1 s after the probe stimulus to respond as to whether
they detected the stimulus in the pulse-probe pair. The threshold intensity for detection of
the probe stimulus (Figure 4, dotted arrow) was determined for a range of delays between the
offset of the adapting pulse and the onset of the probe stimulus.

r

Figure 4. Experiment II: Single Pulse-Probe sequence. The independent variable was the probe
delay (solid arrow), the dependent variable was the probe intensity (dotted arrow).

As a control, the threshold for detection of a single probe stimulus against a background
intensity of 6.0 x 104 td with no adapting pulse was also determined.

2.7 Experiment III: Single Pulse, Stretched Probe
For this experiment, the adapting pulse trains used in Experiment III were replaced by a

single pulse of the same intensity and duration as one of the pulses in the train. After each
pulse, a single probe stimulus was presented with no delay between the onset of the probe
stimuli and the offset of the adapting pulse, and the observer was allowed 1 s to respond as to

5
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whether they detected the probe stimulus. The threshold intensity for detection of the probe
stimulus (Figure 5, dotted arrow) was determined for various probe durations (Figure 5, solid
arrow).

Figure 5. Experiment III: Single Pulse-Stretched Probe sequence. The independent variable was
the probe duration (solid arrow), the dependent variable was the probe intensity (dotted arrow).

As a control, thresholds for detection of single stretched probe stimuli against the pre-and
post-pulse background intensity of 6.0 x 104 td were also determined for various probe
durations.

2.8 Experiment IV: Multiple Pulse-Stretched Probe
The third experiment used the same adapting pulse trains as those in Experiment I.

During the pulse train, probe stimuli were presented with no delay between the onset of the
probe stimuli and the offset of the adapting pulses. The observer responded as to whether
they detected the probe stimuli at the end of each 3 s sequence. The threshold intensity for
detection of the probe stimulus (Figure 6, dotted arrow) was determined for various probe
durations (Figure 6, solid arrow).

Figure 6. Experiment IV: Multiple Pulse-Stretched Probe sequence. The independent variable
was the probe duration (solid arrow), the dependent variable was the probe intensity (dotted

arrow).
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3. RESULTS

3.1 Experiment I: Multiple Pulse-Probe

The threshold intensity for detection of the probe stimuli is presented as a function of the
probe delay for the 3 Hz adapting pulse trains in Figure 7 and for the 10 Hz adapting pulse
trains in Figure 8. The triangles are threshold data for 1 ms adapting pulses, while the
squares are for 10 ms adapting pulses (means of two observers). Thresholds for detection of
the probe stimulus trains alone are shown as horizontal lines. The upper (dotted) line
represents measurements made with the background intensity equal to the time average
intensity of the adapting pulses (8.52 x 10 td); the lower (dashed) line represents
measurements made with the background intensity set equal to that presented in between the
adapting pulses in the pulse trains (6.0 x 104 td).

1.E+08

_1.E+07

.G 1.E+06

1 .E+05 -- ------ ------ -. ..... ...'I)

1.E+04

0 100 200 300
probe delay (ms)

Figure 7. Experiment I: Multiple pulse-probe (3 Hz). Threshold intensity for detection of the
probe stimulus as a function of probe delay for 3 Hz equal energy adapting pulses of I ms

(triangles) and 10 ms (squares) duration. Data points are the means of two observers ± sem. The
horizontal lines represent detection threshold for the probe stimulus alone at 3 Hz when the

background intensity is equal to the time averaged intensity of the adapting pulses (8.52 x 105 td:
dotted line) and the background intensity between the adapting pulses (6.0 x 104 td; dashed line).
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Figure 8. Experiment I: Multiple pulse-probe (10 Hz). Threshold intensity for detection of the
probe stimulus as a function of probe delay for 10 Hz equal energy adapting pulses of 1 ms

(triangles) and 10 ms (squares) duration. The horizontal lines represent detection threshold for the
probe stimulus alone at 10 Hz when the background intensity is equal to the time averaged

intensity of the adapting pulses (8.52 x 105 td: dotted line) and the background intensity between
the adapting pulses (6.0 x 104 td; dashed line).

3.2 Experiment II: Single Pulse-Probe
The threshold intensity for detection of the single probe stimuli after 10 ms adapting

pulses is presented as a function of the probe delay in Figure 9. The solid diamonds are
threshold data for 10 ms adapting pulses of 2.84 x 107 td, while the solid circles are
threshold data for adapting pulses of 8.52 x 106 td (means of two observers). These adapting
pulses are the same intensity as those used in the 3 Hz and 10 Hz, 10 ms pulse trains used in
the previous experiment. For comparison, the open symbols are the data from the descending
portion of Experiment I for 10 ms adapting pulses at 3 Hz (diamonds) and 10 Hz (circles).
The threshold for detection of the probe stimulus alone is shown as a horizontal dashed line.

8
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Figure 9. Experiment 1: Single pulse-probe. Threshold intensity for detection of single probe
stimuli as a function of probe delay for two adapting pulse intensities (2.84 x 107 td - solid

diamonds, 8.52 x 106 td - solid circles). The pulses were 10 ms duration. The open symbols are
the data from the descending portion of the multiple pulse-probe experiment for 10 ms adapting
pulses at 3 Hz (diamonds) and 10 Hz (circles). Data points are the means of two observers. The

horizontal line represents the detection threshold for the probe stimulus alone against a
background level of 6.0 x 104 td (dashed line).

3.3 Experiment III Single Pulse-Stretched Probe
The threshold intensity for detection of the single pulse-stretched probe stimuli after

10 ms adapting pulses is presented as a function of the probe duration in Figure 10. The
solid diamonds are threshold data for adapting pulses of 2.84 x 107 td, while the solid circles
are threshold data for adapting pulses of 8.52 x 106 td (means of two observers). The open
symbols are the data from the single pulse-probe experiment (Experiment II) for 10 ms
adapting pulses at 3 Hz (diamonds) and 10 Hz (circles). Control thresholds for detection of
the stretched probe stimulus against a background level equal to the level between the
adapting pulses (6.0 x 1 04 td) are also shown (solid squares) - the line joining these points is

2

the best fit linear regression line to the log-log data and has a slope of -0.47 (R = 0.97).

9
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Figure 10. Experiment III: Single pulse-stretched probe. Threshold intensity for detection of
single pulse-stretched probe stimuli as a function of probe duration for two adapting pulse

intensities (see text for details).

3.4 Experiment IV: Multiple Pulse-Stretched Probe
The threshold intensity for detection of the multiple pulse-stretched probe stimuli after

10 ms adapting pulses is presented as a function of the probe duration in Figure 11. The
solid diamonds are threshold data for 3 Hz adapting pulses, while the solid triangles are
threshold data for 10 Hz adapting pulses (means of two observers). For comparison, the
open symbols are the data from the multiple pulse probe experiment (Experiment I: the
abscissa in this case is the probe delay). Thresholds for detection of the stretched probe
stimulus against a background level equal to the level between the adapting pulses
(6.0 X 104 td) are also shown (solid squares) - the line joining these points is the best fit linear
regression line to the log-log data and has a slope of -0.47 (R2 = 0.97).
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Figure 11. Experiment IV: Multiple pulse-stretched probe. Threshold intensity for detection of
multiple pulse-stretched probe stimuli as a function of probe duration for two adapting pulse

frequencies of equal time average intensity (see text for details).
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4. DISCUSSION
Previous workers3' 13 have used a probe-sine wave paradigm to explore the dynamics of

light adaptation. However, these have been at relatively low levels of illumination (<1 03 td).
While a moderately high intensity LED stimulator has also been described previously' 4, this
device was limited to relatively monochromatic red LEDs. The advent of high-power, white
LEDs 8 has allowed us to develop a versatile dual-channel Maxwellian view white light
stimulator capable of presenting intensities of retinal illuminance over eight log-trolands with
excellent stability and control.

Our first experiment measured increment thresholds during exposure to adapting pulse
trains at 3 Hz and 10 Hz, using pulse durations of 1 ms and 10 ms. The pulse trains were
equated for the time averaged intensity. At both pulse frequencies, forward masking
processes give rise to elevated detection thresholds for the probe stimulus that decrease
rapidly over the first 50-100 ms after the adapting pulse (Figure 7 and Figure 8), similar to
that found by previous workers' 5' 16. As the probe delay is increased, visual backwardT7
masking occurs , and the next adapting pulse retroactively masks the probe stimulus. Closer
observation of these data reveals an asymmetry, where the duration of the forward masking
phase is much longer than that of the backward masking phase.

In between these two phenomena, a minimum occurs where thresholds are lowest. For
both the 3 Hz and 10 Hz trains, thresholds throughout the interval between the adapting
pulses were always higher compared with those measured against a steady background with
the same intensity as that presented in between the pulses in the train. This indicates that
some light adaptation is maintained throughout the train. However, when compared with
thresholds measured against a steady background equal to the time-averaged energy in the
pulses, the probe threshold is elevated at all delay times for the 10 Hz train, whereas at 3 Hz,
the minimum thresholds, measured at around 150-250 ms after the pulse, are around that of
the time average case. Thus at the lower temporal frequency, recovery in between the pulses
is more complete than at the higher temporal frequency.

Although there are some slight, but systematic, differences between the equal energy
pulses at 1 ms and 10 ms; thresholds at long delays appear a little higher for the longer
pulses. However, these differences are not great, indicating that there is reciprocity of
intensity and duration; the two lights of equal energies but different durations have the same
effect on sensitivity. To reduce the data collection burden in Experiments II, III and IV only
10 ms adapting pulses were used - we would expect there to be very little difference were we
to have used 1 ms pulses.

In Experiment II, single pulse-probe sequences were used in place of the multiple pulse-
probe sequences used in Experiment I. Two pulse energies were chosen; these were the same
energies as those in the individual pulses in the trains in the first experiment. This enables a
direct comparison of the response to a single pulse to that when the same pulse is presented
in a train, and allows us to examine adaptation responses beyond the time when the next
pulse would be arriving in the pulse trains (Figure 9).

An examination of the data from Experiments I and II show that the forward masking
effect of the adapting pulses of the higher energy pulse (Figure 9; diamonds) is greater than
that for the lower energy pulse (Figure 9; circles), as would be expected from early studies of

12
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afterimages and flashblindness'8 2 1 . Also, compared to when pulses of the same energy are
presented in a train, early thresholds for the single pulses (in the first 60 ms or so) are
elevated (Figure 9; open symbols). These differences are more apparent at 10 Hz than at
3 Hz, due to the higher level of light adaptation induced by the higher frequency pulses. This
occurs despite the average energy in the pulse trains being identical. Late thresholds are the
same as those measured during the pulse train, and for the single pulses, recover to baseline
levels (i.e. to those measured with no adapting pulses) after 700 ms, indicating that recovery
is complete within this time frame.

Our intent with Experiment III was to use single pulse exposures again, and to compare
threshold elevations determined by varying the duration of the probe stimulus with those
determined by varying the delay of a 10 ms probe stimulus, as in Experiment II. Control
thresholds for detection of the probe stimulus deviate from Bloch's Law22 and show an
inverse square root dependency on the pulse duration over 10-700 ins, indicating incomplete
temporal summation (Figure 10; square symbols). Again, the forward masking effect of the
adapting pulses is less for the lower energy pulses.

As the duration of the probe is increased, thresholds are much lower than those for 10 ms
probe stimuli (Figure 10; open symbols are elevated compared to closed symbols), indicating
that, through temporal integration, the early portion of the probe stimulus makes a
contribution to the detection of the stimulus. After -500 ms, recovery is complete for both
pulse intensities, and thresholds return to control levels. The thresholds for the longer probe
stimuli are lower compared to the 10 ms probe stimuli because they contain more energy.
However, a parallel displacement is observed for probe durations from 20 ms to 80 ins,
showing that the early rate of recovery and temporal summation have the same dependence
on time after the pulse and the stimulus duration respectively. Beyond 80 ms the 10 ms
probe stimuli asymptote to the no-pulse, 10 ms control level, whereas the longer duration
probe stimuli keep falling to the corresponding stretched-probe control values. This is
because for the lower intensity adapting flash, requiring less recovery is required, and
thresholds return to baseline levels quicker.

In the final experiment (Experiment IV), the stretch probe paradigm was employed with
multiple pulse exposures. The most striking feature in the results of this experiment is the
disappearance of the backward masking effect seen with the 10 ms probe data (Figure 11).
Since the backward masking effect is confined to a period of around 100 ms before the
adapting pulse, the portion of the stretched probe presented prior to this period is detected by
the observer. However, since detection thresholds for the stretched pulses decline through
the backward masking "window", the latter part of the probe stimulus must also contribute to
the detection process. One explanation could be that the mechanism responsible for
detecting the brief stimuli differs from that for the longer stimuli; the former mechanism is
susceptible to backward masking, while the latter is not.

In summary, we have modified the probe-sinewave paradigm to a pulse-probe technique.
We have shown how this technique has the potential for extremely elegant determination of
the adaptive state of the visual system in response to pulsed stimuli, including the
investigation of temporal adaptation mechanisms. We have used very high intensity white
LEDs to investigate the adaptive state of the visual system in between pulses from a
flickering background, and have demonstrated forward and backward masking. Our future
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intentions are to investigate the detailed shape of the probe-threshold curve as a function of
pulse energy and frequency, and to develop additional data sets against which existing
computational models of light adaptation dynamics 23 can be tested.

5. ACKNOWLEDGEMENTS
The authors would like to thank Dr John Taboada who built the Maxwellian view light

stimulator, and Drs Bill Kosnik, Tom Kuyk, Willard Larkin and Leon McLin for useful
discussions. This work was sponsored by the Air Force Office of Scientific Research and the
Air Force Research Laboratory under contract number F41624-02-D-7003.

14
Distribution A - Approved for public release; distribution unlimited



6. REFERENCES
1. Hood, D. C., & Finkelstein, M. A. (1986). Sensitivity to light. In K. R. Boff & L.

Kaufman & J. P. Thomas (Eds.)Handbook of perception and human performance.
Volume 1. Sensory processes and peception (pp. 5-1 to 5-66). New York: Wiley and
Sons.

2. Wilson, H. R. (1997). A neural model of foveal light adaptation and afterimage
formation. Vis Neuroscil 14, 403-423.

3. Hood, D. C., Graham, N., von Wiegand, T. E., & Chase, V. M. (1997). Probed-
sinewave paradigm: a test of models of light-adaptation dynamics. Vision Research,
37, 1177-1191.

4. Snippe, H. P., Poot, L., & van Hateren, J. H. (2000). A temporal model for early
vision that explains detection thresholds for light pulses on flickering backgrounds.
Visual Neuroscience, 17, 449-462.

5. Boynton, R. M., Sturr, J. F., & Ikeda, M. (1961). Study of flicker by increment
threshold technique. Journal of the Optical Society of America, 51, 196-201.

6. Bartley, S. H. (1952). Visual response to intermittent stimulation. Optical Journal and
Review of Optometry, 89, 31-33.

7. Smith, P. A., & Taboada, J. (2004). A white LED-based dual channel Maxwellian
view stimulator for vision research. Journal of Vision, 4, 311 a.

8. Bush, S. (2002, 19 Jun). Most powerful semiconductor light-emitters ever are 5W
white LEDs from Philips-Agilent venture. Electronics Weekly, 13.

9. Swanson, W. H., Ueno, T., Smith, V. C., & Pokorny, J. (1987). Temporal modulation
sensitivity and pulse-detection thresholds for chromatic and luminance perturbations.
Journal of the Optical Society ofAmerica A: Optics & Image Science, 4, 1992-2005.

10. Nygaard, R. W., & Frumkes, T. E. (1982). Calibration of the retinal illuminance
provided by Maxwellian views. Vision Research, 22, 433-434.

11. Air Force Medical Operations Agency. (2000). Protection of human subjects in
biomedical and behavioural research. Air Force Instruction AFI 40-402: AFMOA,
Bolling AFB, DC.

12. Watson, A. B., & Pelli, D. G. (1983). QUEST: A Bayesian adaptive psychometric
method. Perception & Psychophysics, 33, 113-120.

13. Wolfson, S. S., & Graham, N. (2000). Exploring the dynamics of light adaptation: the
effects of varying the flickering background's duration in the probed-sinewave

paradigm. Vision Research, 40, 2277-2289.

14. Watanabe, T., Mori, N., & Nakamura, F. (1992). A new superbright LED stimulator:
Photodiode-feedback design for linearizing and stabilizing emitted light. Vision Res,
32, 953-961.

15
Distribution A - Approved for public release; distribution unlimited



15. Poot, L., Snippe, H. P., & van Hateren, J. H. (1997). Dynamics of adaptation at high
luminances: Adaptation is faster after luminance decrements than after luminance
increments. Journal of the Optical Society of America, 14, 2499-2508.

16. Geisler, W. S. (1983). Mechanisms of visual sensitivity: Backgrounds and early dark
adaptation. Vision Research, 23, 1423-1432.

17. Breitmeyer, B. G., & Ogmen, H. (2000). Recent models and findings in visual
backward masking: A comparison, review and update. Perception and Psychophysics,
62, 1752-1595.

18. Miller, N. D. (1966). Positive afterimage following brief high-intensity flashes.
Journal of the Optical Society ofAmerica, 56, 802-806.

19. Miller, N. D. (1965). Visual recovery from brief exposures to high luminance. Journal
of the Optical Society ofAmerica, 55, 1661-1669.

20. Barlow, H. B., & Sparrock, J. M. B. (1964). The role of afterimages in dark
adaptation. Science, 144, 1309-1314.

21. Hill, J. H., & Chisum, G. T. (1964). Flashblindness: a problem of adaptation.
Aerospace Medicine, 35, 877-879.

22. Bloch, A. M. (1885). Experiences sur la vision. Comptes Rendus des Seances de la
Societe de Biologie et des ses Filiales (Paris), 37, 493-495.

23. von Wiegand, T. E., Hood, D. C., & Graham, N. (1995). Testing a computational
model of light-adaptation dynamics. Vision Research, 35, 3037-305 1.

16
Distribution A - Approved for public release; distribution unlimited


